We perform first-principles theoretical calculations to investigate the effect of the presence of Ga vacancy on the defect and magnetic properties of Mn-doped GaN. When a Ga vacancy ͑V Ga ͒ is introduced to the Mn ions occupying the Ga lattice sites, a charge transfer occurs from the Mn d band to the acceptor levels of V Ga , and strong Mn-N bonds are formed between the Mn ion and the N atoms in the neighborhood of V Ga . The charge transfer and chemical bonding effects significantly affect the defect and magnetic properties of Mn-doped GaN. In a Mn-V Ga complex, which consists of a Ga vacancy and one Mn ion, the dangling bond orbital of the N atom involved in the Mn-N bond is electrically deactivated, and the remaining dangling bond orbitals of V Ga lead to the shallowness of the defect level. When a Ga vacancy forms a complex with two Mn ions located at a distance of about 6 Å, which corresponds to the percolation length in determining the Curie temperature in diluted Mn-doped GaN, the Mn d band is broadened and the density of states at the Fermi level is reduced due to two strong Mn-N bonds. Although the broadening and depopulation of the Mn d band weaken the ferromagnetic stability between the Mn ions, the ferromagnetism is still maintained because of the lack of antiferromagnetic superexchange interactions at the percolation length.
I. INTRODUCTION
Since Mn-doped GaN was theoretically predicted to be ferromagnetic above room temperature, 1 this material has attracted considerable attention due to potential applications for spintronic devices, combined with existing technologies in nitride-based photonics and electronic devices. However, experiments so far are quite controversial, reporting the ferromagnetic, antiferromagnetic, and spin-glass phases. [2] [3] [4] [5] [6] [7] [8] Since the Mn ion in GaN has a deeper acceptor level than that of GaAs, [9] [10] [11] the carrier-mediated exchange interaction is inappropriate in explaining the ferromagnetism of Mn-doped GaN. 12 As an alternative mechanism, the d − d direct exchange interaction, the so-called double exchange, was proposed. 13, 14 Since this mechanism is mediated by the localized holes of the Mn ions, the ferromagnetic stability depends on the population of the Mn d band. It was shown that magnetic exchange interactions, which are dominated by the double-exchange mechanism, are short ranged. 15 Thus, unless Mn concentrations are high, it is difficult to achieve the magnetic percolation, leading to low Curie temperatures. 15, 16 Very recently, it was suggested that the nanoscale spinodal decomposition, which produces strong concentration fluctuations, is responsible for high Curie temperatures often observed in wide-gap dilute magnetic semiconductors. [17] [18] [19] [20] Generally, transition metal ions have low solubilities in III-V semiconductors. 21 Thus, nonequilibrium growth techniques are often used to introduce transition metal ions into the host material beyond the solubility limits. 5, 21, 22 In such growth processes, a large concentration of intrinsic defects is generated, so that these defects will significantly affect the electronic and magnetic properties by interacting with transition metal ions. For example, the generation of Ga vacancies ͑V Ga ͒ is highly expected in Mn-doped GaN epitaxially grown at low temperatures under N-rich conditions, 23 where the Mn ions beyond the solubility limit are incorporated. To tune the electrical and magnetic properties of GaMnN for specific device applications, it is imperative to understand the details of interactions between the Mn-doped host material and intrinsic defects. In recent calculations by Mahadevan and co-workers, 24 the role of V Ga was studied in modifying the magnetic interactions between two Mn ions at the nearest-neighbor distance, and a depopulation of the Mn d band was found to reduce the exchange splitting of the Mn band and hence destroy the ferromagnetism. In diluted Mn-doped GaN, since the distances between the Mn ions will be larger than the nearest-neighbor distance, it is more appropriate to consider the Mn ions separated by the percolation length of about 6 Å, 25 which is employed to determine the Curie temperature.
In this paper, we investigate interactions of a Ga vacancy with the Mn ions in Mn-doped GaN and their influence on the defect and magnetic properties through density functional calculations in the generalized-gradient approximation ͑GGA͒ as well as within the GGA+ U approach. We find that introducing a Ga vacancy into a Mn ion occupying a Ga lattice site promotes a charge transfer from the Mn d band to the acceptor levels of V Ga . Such a charge transfer lowers the electronic energy, and hence the formation of a complex consisting of V Ga and the Mn ion at a Ga site is energetically very stable. In addition, the Mn ion is strongly bonded to one of the neighboring N atoms around the V Ga defect and electrically deactivates the dangling bond orbital of the corresponding N atom. Then, the remaining N dangling bond orbitals of V Ga form a moderately shallow level. When a Ga vacancy interacts with two Mn ions, which are located at the percolation distance of about 6 Å in diluted Mn-doped GaN, we also find the depopulation of the Mn d band by the charge transfer from the Mn ions to the Ga vacancy. In this complex, two strong Mn-N bonds around the V Ga defect broaden the Mn d band and reduce the density of states at the Fermi level. Thus, the ferromagnetic stability between the Mn ions is weakened because of the depopulation of the Mn d band and the chemical bonding effect. However, the ferromagnetism is still maintained due to the lack of antiferromagnetic superexchange interactions between the Mn ions at the percolation length, in contrast to the case of the nearest-neighbor distance.
II. CALCULATIONAL METHODS
Our calculations were performed within the densityfunctional-theory framework 26 in the spin-polarized generalized-gradient approximation ͑GGA͒, 27 using the PWSCF package. 28 Ultrasoft pseudopotentials 29 were employed for the efficient treatment of the localized orbitals. The wave functions were expanded in plane waves up to a cutoff of 30 Ry, which gives the accuracy of total energy differences to within a few tens of meV, as compared to a higher cutoff of 40 Ry. The ionic positions were fully relaxed using the conjugate gradient method. We chose a hexagonal supercell containing 72 atoms in the wurtzite structure. The Brillouin zone integration was done using the special k-points generated by the 3 ϫ 3 ϫ 3 Monkhorst-Pack mesh. 30 The GGA approach usually overestimates the position of the transition metal d states. To see the effect of strong electronelectron interactions on the electronic structure of defects, we carried out the GGA+ U calculations, 31 in which the strong Coulomb repulsion U is taken into account for the localized Mn d electrons. In this case, we used the projector augmented wave ͑PAW͒ potentials, 32, 33 which are implemented in the VASP code.
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III. RESULTS AND DISCUSSION
A. The electronic structure of the Mn Ga -V Ga complex
We consider a Mn Ga -V Ga complex which consists of a Ga vacancy ͑V Ga ͒ and a Mn ion ͑Mn Ga ͒ at a Ga sublattice site in the first neighborhood of V Ga . Depending on the position of the Mn ion, three isomers exist in the Mn Ga -V Ga complex, as shown in Figs. 1͑a͒-1͑c͒ . For all the isomers, the Mn ion is directly bonded to one of the N atoms around the V Ga defect, which is denoted by N * . It is known that an isolated Mn Ga impurity forms the bonding t b and antibonding t a states, with the nonbonding e state lying between them near the valence band maximum ͑VBM͒. The antibonding t a states are partially occupied ͓Fig. 2͑a͔͒, and the acceptor transition level ⑀͑1− /0͒ lies deep in the band gap, in good agreement with experiments 10 and previous theoretical calculations. 11, 25, 35 Since the t a states are higher than the acceptor levels of V Ga , as shown in when the Mn Ga -V Ga complex is formed. This charge transfer reduces the Mn Ga -N bond distances by 0.10− 0.13 Å. In this case, the N * atom adjacent to the Ga vacancy is more tightly bonded to the Mn ion, with the Mn Ga -N * bond distance of 1.70 Å, which is smaller by 0.15 Å than the other three bonds.
The V Ga defect has four dangling N bonds, which generate the acceptor levels in the band gap. Due to Hund's rule, a spin-polarized configuration is energetically more favorable for the Ga vacancy as long as the defect levels are not fully occupied by 3 electrons. 24 In the Mn Ga -V Ga complex, the Ga vacancy, which is effectively in the 2− charge state due the charge transfer, carries a local spin moment of about 1 B , while the Mn ion in the 5+ charge state has a local spin moment of about 2 B . Between these two localized spin moments, we find that an antiferromagnetic spin configuration is more stable by 25 meV than a ferromagnetic one. In the antiferromagnetic spin state, the binding energy of the most stable Mn Ga -V Ga ͑1͒ complex ͓see Fig. 1͑a͔͒ is calculated to be 2.60 eV with respect to individual neutral defects, while those for the other complexes, Mn Ga -V Ga ͑2͒ and Mn Ga -V Ga ͑3͒ in Figs. 1͑b͒ and 1͑c͒, are 2.54 and 2.47 eV, respectively. These large binding energies result from a release of strains accumulated around the lattice mismatched Mn ion and Coulomb attractive interactions between the two oppositely charged defects.
The electronic structure of the Mn Ga -V Ga ͑2͒ complex is found to be similar to that of the Mn Ga -V Ga ͑1͒ complex. Here, we compare the densities of states for the Mn Ga -V Ga ͑1͒ and Mn Ga -V Ga ͑3͒ complexes in Figs. 3͑a͒ and 3͑b͒. In the Mn Ga -V Ga complex, both the Mn e and t a bands in minority spin states are significantly lowered, while those in majority spin states are not much affected, as compared to the isolated Mn Ga defect. The lowering of the minority bands is attributed to the charge transfer of about 2 electrons from the Mn ion to the Ga vacancy, which results in the reduction of the exchange splitting between the Mn d levels. When the Mn Ga ion is well separated by a distance of about 7.6 Å from the Ga vacancy, only the charge transfer from Mn Ga to V Ga occurs, leading to the lowering of the majority Mn t a band, as shown in Fig. 3͑c͒ . In this case, the Mn t a band is partially occupied; thus, the amount of transferred electrons is less than 2; from the analysis of the Mn 3d-projected density of states, the transferred charge is estimated to be about 1.4 electrons. In the Mn Ga -V Ga complex, the Mn Ga ion is strongly bonded to the N * atom. Since the Mn Ga -N * bond raises the majority Mn t a band with the antibonding characteristics, this band remains almost unchanged.
In the Mn Ga -V Ga complex, since V Ga is effectively in the 2− charge state due to the charge transfer, we compare the ͑1− /0͒ transition level of the complex with the ͑3− /2−͒ level of an isolated V Ga . In the isolated V Ga defect, the ͑3 − /2−͒ transition level is associated with interactions between the dangling bond orbitals of the neighboring N atoms, and this level lies deep in the band gap due to the crystal-field effect. Using a 108-atom supercell, we find that the isolated V Ga defect has the ͑3− /2−͒ transition level at 1.03 eV above the VBM. 36 For the Mn Ga -V Ga ͑1͒ complex, the ͑1− /0͒ transition level is lowered to 0.52 eV above the VBM. As mentioned earlier, the N * atom in the neighborhood of V Ga interacts more strongly with the Mn Ga ion than the other N atoms only bonded to the three Ga atoms. The strong Mn Ga -N * bond lowers the dangling bond state associated with the N * atom into the valence band, while the other dangling bond states remain right above the VBM, as illustrated in Figs. 3͑a͒ and 3͑b͒ . The N * dangling bond orbital is fully occupied, passivated by the transferred charge from the Mn Ga ion, and hence almost decoupled from the other dangling bond orbits. The three remaining dangling bond orbits interact less strongly with each other, compared with those for the isolated V Ga , resulting in a shallower acceptor level. Although V Ga has four dangling bond orbits ͓see Fig. 1͑d͔͒ , the characteristics of the db 4 orbital lying along the hexagonal axis is different from the others, db 1 , db 2 , and db 3 , due to the wurtzite symmetry. When a dangling bond orbital is passivated by the Mn Ga ion, the acceptor level and the Fermi level of the neutral Mn Ga -V Ga complex vary with the type of the dangling bond. In the Mn Ga -V Ga ͑1͒ complex, where the db 1 orbital is electrically deactivated, the Fermi level is positioned at 0.59 eV above the VBM, while a higher Fermi level of 0.86 eV is found for the Mn Ga -V Ga ͑3͒ complex with the db 4 orbital passivated. To see the effect of the deactivation of the N dangling bond orbital on the acceptor level, we examine the electronic structure of ͑V Ga -H͒ 1− , in which V Ga is effectively in the 2 − charge state with one of its dangling bond orbitals passivated by hydrogen. Recently, the V Ga -H complex was experimentally identified in GaN epitaxially grown by metalorganic chemical-vapor deposition. 37 When the db 1 orbital is passivated by H, the Fermi level of ͑V Ga -H͒ 1− lies at 0.54 eV above the VBM, which is lower by 0.31 eV than that for the V Ga 2− defect. If V Ga is passivated by 2 H atoms, the Fermi level of the ͑V Ga -2H͒ 0 defect is further reduced to 0.12 eV. For the ͑V Ga -H͒ 1− defect, with the db 4 orbital passivated by 1 H atom, the Fermi level is located at a higher energy of 0.74 eV above the VBM. Our results indicate that the lowering of the acceptor level in the Mn Ga -V Ga complex is caused by the weaker coupling between the remaining dangling bond orbitals, as compared to the isolated V Ga defect.
Based on our calculations for the Mn Ga -V Ga and V Ga -H complexes, we can understand the shallowness of the acceptor level of the As Zn -2V Zn complex, which was suggested to be the origin of the p-type conductivity in As-doped ZnO. 38 In the As Zn -2V Zn complex, one of the neighboring O atoms around each Zn vacancy is bonded to the As Zn ion, and the corresponding dangling bond orbital is electrically deactivated. Then, the remaining active dangling bond orbitals lead to the shallower acceptor level than for the V Zn defect.
Next, we perform the GGA+ U calculations 31 to investigate the effect of strong electron-electron interactions on the electronic structure of the Mn Ga -V Ga complex. The on-site Coulomb interaction parameter U of the Mn d orbitals is varied from 4 to 6 eV, and the exchange parameter J is chosen to be 1 eV, which was widely used in previous calculations. 39, 40 For an isolated neutral Mn Ga defect, as the parameter U increases, the partially occupied Mn t a band in majority spin states is lowered toward the valence band and lies just above the VBM with the Fermi level of 0.36 eV for U = 6 eV, while the unoccupied Mn d bands in minority spin states move to higher energies. The GGA densities of states ͑Fig. 4͒ of the Mn Ga -V Ga complex are compared with those ͑Fig. 5͒ obtained from the GGA+ U calculations. In the neutral Mn Ga -V Ga complex, the GGA+ U calculations show that the empty t a band in majority spin states shifts to the valence band as U increases. For U = 6 eV, the majority Mn t a band is positioned just above the Fermi level and still empty, as shown in Fig. 5͑a͒ . The positions and occupancies of the defect levels of V Ga are not affected in the GGA+ U calculations, with similar Fermi levels of about 0.5 eV above the VBM.
When the Mn Ga -V Ga complex is in the 1− charge state, however, we find a large change in the density of states, as shown in Fig. 5͑b͒ . As U increases from 0 to 6 eV, the majority Mn t a band is significantly lowered toward the valence band, being partially occupied by the doped electron. In fact, for U = 5 or 6 eV, we find that the charge state of the Mn ion changes from 5+ to 4+ when an electron is doped in the Mn Ga -V Ga complex ͑see Table I͒. In addition, since the Fermi level of the ͑Mn Ga -V Ga ͒ 1− complex decreases from 1.14 to 0.50 eV, the stability of this complex is enhanced. Therefore, the ͑1− /0͒ transition level of the Mn Ga -V Ga complex decreases as the parameter U increases; for U = 6 eV, we estimate the ͑1− /0͒ transition level to be about 0.25 eV above the VBM, which is shallower by 0.27 eV than the value obtained from the GGA calculations. The shallowness of this acceptor level may explain the p-type conductivity observed in GaMnN thin films deposited on periodically Mn ␦-doped GaN buffer layers grown by using a rf-assisted molecular beam epitaxy with an active N 2 plasma source.
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B. The effect of Ga vacancy on the magnetic properties of Mn-doped GaN
Recently, Mahadevan and co-workers 24 studied the effect of the presence of V Ga on the magnetic interactions between two Mn ions, which are placed at the nearest-neighbor Ga sites. For various positions of V Ga , they found that the depopulation of the Mn d band by the acceptor levels of V Ga results in a reduction of the exchange splitting in the Mn d levels, and hence it destroys ferromagnetism. When ferromagnetic interactions are weakened by the depopulation of the Mn d band, antiferromagnetic superexchange interactions play a role in destabilizing the ferromagnetic state, especially for the Mn ions located at the nearest-neighbor distance. In other calculations, ferromagnetic interactions were shown to be strongest for the Mn ions at the nearest-neighbor distance and decay rapidly as the Mn-Mn distance increases, with the short-range nature. 11, 15, 16, 25 However, in diluted Mndoped GaN, it is more appropriate to consider the Mn ions separated by a percolation length in determining the Curie temperature, while the Curie temperature strongly depends on the nearest-neighbor coupling in the mean-field approximation. 15, 16 In our study, we choose two Mn ions, Mn I and Mn II , which are positioned at the origin and the ͑1, 1, 1͒ site in terms of the primitive lattice vectors in the wurtzite structure. The distance between the two Mn ions is about 6 Å, close to the percolation-threshold length estimated from a three-dimensional random-site model for the Mn concentration of 6%. 25, 42 For the Mn I -Mn II complex, we find that the ferromagnetic state is more stable by about 105 meV than the antiferromagnetic spin configuration.
We consider a Mn I -V Ga -Mn II complex ͓see Fig. 6͑a͔͒ , where a Ga vacancy is located between the two Mn ions, and examine the role of V Ga on ferromagnetism, focusing on the charge transfer and chemical bonding effects. The binding energy of this complex is calculated to be 3.6 eV with respect to well-separated V Ga and Mn I -Mn II . Similar to the Mn Ga -V Ga complex, we find a charge transfer of 3 electrons from the majority Mn t a band to the acceptor levels of V Ga . Thus, the defect levels of V Ga are fully occupied and spinnonpolarized. In the Mn Ga -Mn Ga pair, the exchange splitting of the Mn d levels tends to decrease by hole doping, whereas it increases by electron doping. 25 Since the depopulation of the Mn t a band is equivalent to the hole-doped case, the exchange splitting is found to decrease from 2 to 1 eV by the presence of V Ga . The decrease of the exchange splitting will reduce the stability of the ferromagnetic state. For the Mn-Mn distance of 6 Å considered here, the antiferromagnetic superexchange interaction is much weakened; the number of electrons that contribute to the superexchange interaction decreases from 2 to 0.5 electrons/Mn by the charge transfer effect. Thus, although the decrease of the exchange splitting reduces the stability of the ferromagnetic state, we find that the ferromagnetic state is still more favorable by about 15 meV than the antiferromagnetic spin state, in contrast to the previous calculational results for the Mn-Mn pair at the nearest-neighbor distance. 24 In the Mn I -V Ga -Mn II complex, two strong Mn-N * bonds are formed, as shown in Fig. 6͑a͒ . To see the effect of Table II . For both the Mn-Mn pairs with and without the Ga vacancy, the ferromagnetic stability is enhanced as the number of populated electrons ͑n e ͒ in the Mn d band decreases from 2.0 to 1.5 e / Mn, and then it decreases for n e = 0.5e / Mn, in consistence with the previously calculated results. 25 For a given population of the Mn d band, the presence of V Ga tends to weaken the stability of the ferromagnetic state; ⌬E is reduced by 96.0, 102.5, and 38.3 meV for n e = 2.0, 1.5, and 0.5 e / Mn, respectively. Figures 6͑b͒ and 6͑c͒ show the densities of states for the Mn-Mn complex with q = + 1 and the Mn-V Ga -Mn complex with qЈ = −2. With the presence of V Ga , the Fermi level lying in the Mn t a band increases from 1.24 to 1.59 eV above the VBM, with the reduced density of states at the Fermi level. In addition, the majority Mn t a band is much broadened with a large splitting due to the strong Mn-N * bonds. Thus, the number of carriers that contribute to spin-conserving hopping interactions between the Mn ions is reduced in the Mn-V Ga -Mn complex. Since the ferromagnetic interaction is mediated by holes in the Mn d band, the reduction of hole carriers induced by the chemical bonding effect leads to the reduced ferromagnetic stability.
IV. SUMMARY
We have studied the interactions of V Ga with the Mn ions and the role of V Ga in modifying the defect and magnetic properties of Mn-doped GaN through the GGA and GGA + U calculations. We find that the Mn-V Ga complex, in which the Mn ion substitutes for a Ga site rather than a N site, is energetically very stable and behaves as a moderately shallow acceptor. In the GGA calculations, the acceptor transition level of the Mn-V Ga complex is estimated to be 0.52 eV, while it decreases to 0.25 eV in the GGA+ U. The shallowness of the acceptor level is attributed to the charge transfer from the Mn d band to the acceptor levels of V Ga and the strong Mn-N bond which electrically deactivates one of the dangling bond orbitals around the V Ga defect. In the Mn-V Ga -Mn complex, where the Mn ions are separated by the percolation distance of about 6 Å, we also find the charge transfer from the Mn ions to the V Ga defect, which reduces the exchange splitting of the Mn d levels. In addition, the formation of two strong Mn-N bonds leads to the broadening of the Mn d band and the reduction of the density of states at the Fermi level. Although both the charge transfer and chemical bonding effects weaken the ferromagnetic stability between the Mn ions at the percolation distance, the ferromagnetic state is still maintained with low Curie temperatures. 
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